toxicity is due to the diatom culture conditions in the laboratory or that cases of toxicity are exceptions, owing to the species or strains maintained in laboratory cultures being unrepresentative of natural field populations.
Over 400 non-photosynthetic species from 10 families of vascular plants obtain their carbon from fungi and are thus defined as myco-heterotrophs 1 . Many of these plants are epiparasitic on green plants from which they obtain carbon by 'cheating' shared mycorrhizal fungi [2] [3] [4] [5] [6] [7] . Epiparasitic plants examined to date depend on ectomycorrhizal fungi for carbon transfer and exhibit Figure 1 The AMF of Arachnitis are markedly similar, showing minimal variation in the generally highly polymorphic internal transcribed spacers of nuclear DNA. The phylogenetic tree shows the placement of fungal sequences among their closest available alignable relatives. Identical sequences are represented by symbols in a row: filled triangles, circles, and squares correspond to fungal sequences obtained from root samples of Arachnitis from each of three locations (eight plants); open symbols correspond to fungal sequences obtained from adjacent root samples of green plants that are identical to sequences obtained from Arachnitis root samples. Neighbour-joining tree with 10,000 bootstrap replicates for 71 sequences and 442 characters. GenBank accession numbers are shown in parentheses.
exceptional specificity for these fungi [3] [4] [5] [6] [7] , but for most mycoheterotrophs neither the identity of the fungi nor the sources of their carbon are known. Because many myco-heterotrophs grow in forests dominated by plants associated with arbuscular mycorrhizal fungi (AMF; phylum Glomeromycota), we proposed that epiparasitism would occur also between plants linked by AMF. On a global scale AMF form the most widespread mycorrhizae, thus the ability of plants to cheat this symbiosis would be highly significant. We analysed mycorrhizae from three populations of Arachnitis uniflora (Corsiaceae, Monocotyledonae), five Voyria species and one Voyriella species (Gentianaceae, Dicotyledonae), and neighbouring green plants. Here we show that non-photosynthetic plants associate with AMF and can display the characteristic specificity of epiparasites. This suggests that AMF mediate significant inter-plant carbon transfer in nature.
Arbuscular mycorrhizal fungi (AMF) are nutrient-gathering obligate symbionts of most plant species. In contrast to the situation in the ectomycorrhizal symbiosis, the arbuscular mycorrhizal symbiosis lacks examples of absolute specificity and net fungus-to-plant carbon transfer 3, [8] [9] [10] . Despite the widespread potential for interplant linkage offered by the generalist behaviour of AMF [10] [11] [12] , experimental evidence for inter-plant carbon transfer is equivocal because transferred carbon may remain in fungal structures within roots and carbon flux between autotrophs may be bi-directional 13, 14 . Consequently, it has been stated that in nature "there is no fungusto-plant carbon transfer" 14 . However, by definition, net carbon transfer must occur from fungus to myco-heterotroph. Although in the ectomycorrhizal symbiosis myco-heterotrophs are extreme examples of both specialization and epiparasitism, evidence for these phenomena is lacking in putative arbuscular mycorrhizal myco-heterotrophs 1, 15, 16 . We show that the non-photosynthetic plant Arachnitis uniflora from three subantarctic forest sites in Argentina forms arbuscular mycorrhizae and that it is specialized to a narrow lineage within a clade of Glomus (Glomus group A 17 ). We were able to use universal fungal-specific primers to amplify and sequence the highly polymorphic nuclear ribosomal internal transcribed spacer (nrITS) region directly from Arachnitis roots. This in itself is unusual, because polymerase chain reaction (PCR) detection of AMF in green plants usually requires specific primers, nested amplifications, and cloning due to low template concentrations, inhibitors, and high complexity of root fungal communities. The sequences from all eight specimens were nearly identical. To verify the absence of other mycorrhizal fungi, we cloned and sequenced from the direct amplicon pools of all specimens (Fig. 1) . The nrITS sequences obtained show a polymorphism that is within the range of intra- Figure 2 Most of the arbuscular mycorrhizal symbionts of the three plant genera sampled fall into three distinct clades within Glomus group A. a, Phylogenetic tree using complete 18S nuclear DNA sequences from all known families and lineages of AMF and a subset of myco-heterotroph symbionts. Neighbour-joining tree using 1,611 characters. Nodes with bootstrap values below 50 were collapsed to polytomies. b, Arachnitis AMF are found only in one narrow clade of Glomus group A. Three of eight nearly identical AMF 18S nuclear DNA sequences obtained from three plants are shown here, one from each site sampled.
Voyriella AMF are restricted to another Glomus group A lineage, whereas Voyria spp. have the most diverse set of AMF within Glomus group A. Neighbour-joining tree with 1,000 bootstrap replicates using 450 characters from the 3 0 -terminal region of the 18S. Glomus group B was used as an outgroup. c, The only detected Voyria symbiont not in Glomus group A is in the Gigasporaceae. This tree was obtained as in b, with Acaulospora laevis used as an outgroup. letters to nature species or intra-spore variation in AMF 18 . The Glomus lineage detected in Arachnitis also formed mycorrhizae in adjacent photosynthetic plants from three different families (Fig. 1) ; these or other co-occurring plants must be the ultimate sources of carbon for Arachnitis, as AMF are not saprotrophs. The plant roots were identified morphologically or by nrITS sequence similarity to GenBank accessions or leaves obtained at the sites: Osmorhiza chilensis (Apiaceae) (AF480090), Austrocedrus chilensis (Cupressaceae), and Nothofagus dombeyi (Nothofagaceae) (AF480091, AF480092). We detected three other AMF lineages in the vicinity of Arachnitis roots but not associated with them, indicating that plant specificity is not due to a lack of other co-occurring AMF. Furthermore, despite the presence of ectomycorrhizal autotrophs throughout its geographical range, Arachnitis has not invaded the ectomycorrhizal mutualism as have other epiparasitic monocots (that is, orchids 4, 5 ). Instead, the arbuscular mycorrhizae-forming ancestors of Arachnitis reversed the direction of carbon flow entirely in their favour, and specialized on a narrow subset of AMF.
Voyriella and Voyria samples from tropical rainforests in French Guyana were also associated with a restricted set of closely related AMF. The intraradical morphology of the fungal symbionts of Voyria has been interpreted as a special form of arbuscular mycorrhiza 1, 15 , but proof was lacking because arbuscules are not formed. We show that the AMF of Voyriella and most Voyria examined are from the same clade of Glomus as the AMF of Arachnitis. All AMF of Voyriella were from one narrow lineage within Glomus group A. Most AMF of Voyria (V. aurantiaca, V. rosea, V. caerulea, V. corymbosa, V. tenuiflora) formed a monophyletic lineage within Glomus group A (Fig. 2) . The only exceptions were one V. aurantiaca root containing a symbiont related to Glomus sinuosum and a V. tenuiflora root with both Gigaspora and the Glomus we found in all the other Voyria species. The principal lineage associated with Voyria was also detected in adjacent photosynthetic plant roots, including roots near Voyriella. Furthermore, there was no symbiont overlap between Voyria and Voyriella at a site where they co-occurred. Therefore, as in ectomycorrhizal epiparasites 4, 6, 7 , the specificity observed is not based solely on local availability of susceptible fungi.
These are currently the only known examples of specialization by a plant for a phylogenetically restricted set of AMF. Parasites are generally more specialized than mutualists 19 , and accordingly both ectomycorrhizal and now arbuscular mycorrhizal epiparasites turn out to be more specialized than their photosynthetic counterparts. Epiparasitism is at the extreme end in a continuum of plant-fungal mycorrhizal interactions that ranges from parasitism of either partner to mutualistic interactions 20, 21 . This suggests that we should look for evidence of inter-plant carbon transfer among pairs of green plants that have been found to differ in species-specific outcomes of AMF colonization [22] [23] [24] [25] , as specialized myco-heterotrophy suggests that net flux of carbon from fungus to plant occurs within arbuscular mycorrhizal networks. A
Methods

Arachnitis fungi
We obtained eight plants of Arachnitis uniflora from three populations in Nahuel Huapi National Park (Río Negro province, Argentina): two from Lake Verde, one from Mount Otto, and five from the Llao-Llao area (418 7.27 0 S, 718 23.52 0 W). Lake Verde is approximately 75 km away from Llao-Llao, and Mount Otto is halfway between these two locations. The plants encompassed the morphological variation (that is, size and colour) observed at these sites and all produced an identical plant nrITS sequence (AF480089). For microscopy, Arachnitis roots were embedded (Kulzer Histo-Technique 7100), sectioned (4 mm) and stained with Cresyl blue, Cotton blue, Trypan blue, or iodine solution. The fungal structures are characteristic of vesicular arbuscular mycorrhizae and include intracellular bundles of 5-6 vesicles borne from a single hypha, coils, and relatively sparse arbuscules. When the flowering shoot develops, colonized cortical layers become completely lysed and only loosely arranged mycelium remains.
We also extracted genomic DNA from individual sections (,0.5 mm £ 2 mm) of roots from each plant following methods described elsewhere 26 , with a purification step using GeneClean II (Q-Biogene). We amplified the fungal nrITS using the universal fungal primers ITS1F and ITS4 (refs 26, 27) and we sequenced 6-12 fungal nrITS clones from each plant (AF480093-AF480148). About 15% of these sequences were disregarded as they were plant ITS sequences or sequences closely related to fungal lineages known to not form mycorrhizae (Neurospora, Rhodoturula, Mortierella). The complete 18S was cloned and sequenced from NS1 and GLOM5.8R 27, 28 amplicons obtained from one plant from each location (AF480150-AF480158).
Fungal symbionts of plants near Arachnitis
To test whether the Arachnitis mycorrhizal fungus is also present in roots of photosynthetic plants, we designed a primer specific to the symbiont (glomits1f: GCGTCCGTCATTATTT AAAACC). From 36 root fragments (5 mm long) collected near or attached to Arachnitis roots we extracted genomic DNA and amplified the nrITS with glomits1f and ITS4. Three root fragments amplified in the first round of PCR, and an additional four amplified after a second round using 10 22 dilutions of the initial reactions. These amplicons were sequenced to confirm their identity as the Arachnitis symbiont (AF503648-AF503654). The genomic extracts of the roots were also used to amplify the plant nrITS using the primers ITS1 and ITS4. To assess some of the diversity of other AMF near Arachnitis roots, we applied a clade-specific nested PCR approach 29 to the same roots of photosynthetic plants used above and we found two different nuclear DNA sequences from Glomus groups A and B (AF480160, AF480161). In addition, a sporocarp with another nuclear ribosomal DNA sequence from Glomus group A (AF480159) was found less than 10 cm from one Arachnitis. These three sequences did not match the Arachnitis symbiont sequences and were too divergent for unambiguous alignment to the data set analysed in Fig. 1 .
Voyria and Voyriella fungi
We sampled three plants of Voyriella parviflora, two of Voyria rosea, two of V. tenuiflora and one of V. corymbosa from a site in central French Guyana (38 40.4 0 N, 538 12.5 0 E). One V. caerulea and two V. aurantiaca plants were sampled from another site about 10 km away. Genomic DNA was extracted using a Qiagen DNeasy mini kit. A nested PCR procedure described elsewhere 28 was used to amplify the nrITS and the 3 0 -terminal region of the 18S ribosomal DNA. The fungal symbionts were members of Glomus group A based on NS5 and GLOM5.8R PCR products, which were cloned, screened with HinfI, and sequenced (AJ430854-AJ430858, AJ437204-AJ437208, AJ437210). In one case, a Gigasporaceae symbiont was identified using the primers NS5 and GIGA28R (AJ437216, GIGA28R: TTCAGCGGGTACTCTCACA). In a subset of specimens the less specific primer AM1 (ref. 12) used in combination with NS3 (ref. 27) confirmed our results (AJ437211-AJ437215) and the absence of other AMF. Combinations of universal primers, AM1, and primers specific to Glomus group A (GLOM1070R 29 , GLOM5.8R 28 , GLOM1311R: GAAGCTGGCGACCTAACAA) were used to amplify and sequence the complete 18S of the two principal fungal symbionts (AJ430852, AJ430853). Most Glomus group A sequences obtained fell into two types: type 1 was detected in all plants of Voyriella and type 2 was found in all Voyria plants. A third type, related to Glomus sinuosum, was found in one plant of V. aurantiaca. The roots of other plants intermingled with those of Voyria and Voyriella were analysed by the same methods and type 2 sequences were detected (AJ437209, AJ438773). In addition, we designed primers specific to type 1 (voyM1660: TGTCAAGGGTCTTTGGTTGG) and type 2 (voyQ1660: ATTGAGGACTGGMAACA GAC). Type 1 products were successfully amplified only from Voyriella and type 2 only from Voyria. These amplicons were screened by restriction analysis and their identity confirmed by sequencing (AJ437102, AJ437103).
DNA sequence analysis
Nucleotide sequencing was performed on ABI 310 and ABI 3100 Genetic Analyzers using BigDye chemistry. Sequences were aligned manually into datasets of: (1) internal transcribed spacer sequences from symbionts and Glomus group A sequences from the database; (2) partial 18S nuclear DNA sequences 12 ; and (3) sequences of the complete 18S nuclear DNA of glomalean fungi and outgroups from the database. Data sets were analysed with PAUP*4.0beta8 (ref. 30) .
